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USA On-Highway Heavy-Duty Emission 
Standards

USA On-Highway Heavy-Duty Emission 
Standards
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EPA Standards for HDE’s
in 2007

EPA Standards for HDE’s
in 2007

uuPM =  0.01 g/hpPM =  0.01 g/hp--hr effective 2007 (100% hr effective 2007 (100% 
of engines) of engines) 

uuPhasePhase--in for diesel engine NOin for diesel engine NOxx and and 
NMHC is:NMHC is:
nn2007:2007: 50%*50%*
nn2008:2008: 50%*50%*
nn2009:2009: 50%*50%*
nn2010:2010: 100%*100%*
**percentage of fleet soldpercentage of fleet sold

uuThere are no technology provisions    There are no technology provisions    
for the phasefor the phase--in enginesin engines



EPA Standards for HDE’s
in 2007 (cont.)

EPA Standards for HDE’s
in 2007 (cont.)

uuEmissions tracked by Family Emissions Emissions tracked by Family Emissions 
Level (FEL), similar to “fleet average”Level (FEL), similar to “fleet average”

uuIn addition, engine manufacturers must In addition, engine manufacturers must 
also comply with:also comply with:

Procedure Limits Emissions (g/hp-hr)
NOx = 0.2
PM = 0.01

NMHC = 0.14
CO = 15.5
NOx = 0.3

PM = 0.015
NMHC = 0.21

CO = 23.25

Supplemental Test 
Procedure (European 
Stationary Cycle)

Not-to-Exceed (NTE) 1.5 x FTP

1.0 x FTP

More 
severe than 

Euro V!



Implementation of 2007 StandardsImplementation of 2007 Standards
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HypothesisHypothesis

uuThe USA 2007The USA 2007--2009 emission standards 2009 emission standards 
for heavyfor heavy--duty diesel engines can be duty diesel engines can be 
achieved with minimal or no exhaust achieved with minimal or no exhaust 
treatment for NOtreatment for NOxx

nn It is assumed that a Catalyzed Diesel Particulate It is assumed that a Catalyzed Diesel Particulate 
Filter (cDPF) will be required to achieve 0.01 Filter (cDPF) will be required to achieve 0.01 
g/hpg/hp--hr Particulate Matter (PM)hr Particulate Matter (PM)



BackgroundBackground
uu 90%+ reductions are required in 2010 to be 90%+ reductions are required in 2010 to be 

demonstrated across:demonstrated across:
nn coldcold-- and hotand hot--start FTP’sstart FTP’s
nn ESCESC
nn NTENTE

uuWithout Homogenous Charge Compression Without Homogenous Charge Compression 
Ignition (HCCI), inIgnition (HCCI), in--cylinder controls, alone, will cylinder controls, alone, will 
be unable to achieve 2010’s levelsbe unable to achieve 2010’s levels

uu Exhaust treatment systems have Exhaust treatment systems have 
demonstrated ability to achieve 2010 but many demonstrated ability to achieve 2010 but many 
issues remain:issues remain:
nn costcost
nn regenerationregeneration
nn packagingpackaging
nn fuel consumption penaltyfuel consumption penalty



Background (cont.)Background (cont.)

uuA systems approach will be required in A systems approach will be required in 
order to comply with the 2007 and 2010 order to comply with the 2007 and 2010 
standardsstandards
nn InIn--cylinder methodscylinder methods
nnExhaust treatment methodsExhaust treatment methods

uuSwRI believes that further reductions of SwRI believes that further reductions of 
inin--cylinder (enginecylinder (engine--out) NOout) NOxx emissions emissions 
are possible and cost effectiveare possible and cost effective
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2007-2009: What’s Possible?2007-2009: What’s Possible?
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TechnologiesTechnologies

èèInIn--CylinderCylinder
nnHigh boost/high EGRHigh boost/high EGR
nnCombustion modificationsCombustion modifications
nnFuel injection improvementsFuel injection improvements
nnVariable Valve Actuation (VVA)Variable Valve Actuation (VVA)
nnModelModel--based controlsbased controls
nnWaterWater--fuel emulsionsfuel emulsions

uuExhaust TreatmentExhaust Treatment
nnLean NOLean NOxx catalystcatalyst
nnCatalyzed Diesel Particulate Filter (cDPF)Catalyzed Diesel Particulate Filter (cDPF)



High Boost/High EGRHigh Boost/High EGR

uuExternal, cooled EGR will predominate External, cooled EGR will predominate 
in the USA from 2002in the USA from 2002--20072007

uuAdditional NOx reduction can be Additional NOx reduction can be 
achieved especially since a cDPF will achieved especially since a cDPF will 
remove the soot remove the soot (assuming (assuming ηη>95%)>95%)

uuAchieve higher EGR levels while Achieve higher EGR levels while 
maintaining high BMEP levels viamaintaining high BMEP levels via
nnVariable Geometry Turbochargers (VGT)Variable Geometry Turbochargers (VGT)
nnhigher boost levelshigher boost levels
nn increased peak cylinder pressures (> 200 bar)increased peak cylinder pressures (> 200 bar)



2007-2009: What’s Possible?2007-2009: What’s Possible?
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Modified Combustion for NOx ControlModified Combustion for NOx Control

uu Partial Premixed Controlled Compression Ignition (PCCI) Partial Premixed Controlled Compression Ignition (PCCI) --
can be used at lightcan be used at light-- to midto mid--load to reduce NOload to reduce NOxx

...resulting in a  
20-30% NOx
reduction at light 
load

Simescu, et. al., SAE 
Paper 2002-01-0963
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Fuel Injection ImprovementsFuel Injection Improvements

uu Important for PCCIImportant for PCCI

uuMultiMulti--injection fuel injection injection fuel injection 
systems systems (3(3--5 pulses per cycle)5 pulses per cycle) for for 
PCCI, noise, cDPF PCCI, noise, cDPF 
regeneration:regeneration:
nn E3 unit injectorE3 unit injector
nn HEUIHEUI--C intensifierC intensifier
nn Common railCommon rail

uu FuelFuel--air mixing can still      air mixing can still      
be improved by high be improved by high 
injection pressure and injection pressure and 
smaller injector hole       smaller injector hole       
sizessizes
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2007-2009: What’s Possible?2007-2009: What’s Possible?
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Variable Valve ActuationVariable Valve Actuation

uu VVA has many advantages for HD diesel VVA has many advantages for HD diesel 
enginesengines
nnNOx control:NOx control:

–– lower NOlower NOxx via Miller Cyclevia Miller Cycle
–– better residual control for PCCIbetter residual control for PCCI

nnSecondary:Secondary:
–– better coldbetter cold--startingstarting
–– cylinder decylinder de--activationactivation
–– part load BSFC improvementpart load BSFC improvement
–– variable swirl ratiovariable swirl ratio
–– ability to increase exhaust temperatures                      ability to increase exhaust temperatures                      

for exhaust treatment devicesfor exhaust treatment devices
–– engine brakingengine braking

uu NearNear--production systems are becoming production systems are becoming 
available nowavailable now

Hydraulic Valve Actuation 
from Sturman Industries



Jacobs’ Lost Motion Hydraulic Valve Actuation 
System



2007-2009: What’s Possible?2007-2009: What’s Possible?
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Model-Based ControlsModel-Based Controls
uu Advanced modelAdvanced model--based algorithms include both based algorithms include both 

engine and exhaust treatment controlengine and exhaust treatment control

uu Multivariable control in diesel enginesMultivariable control in diesel engines
nn Engine control variables have increasedEngine control variables have increased
nn LookLook--up tables are no longer sufficientup tables are no longer sufficient

EGR/VGT control strategies 
development using 
multivariable control design 
techniques
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TechnologiesTechnologies

nn InIn--CylinderCylinder
nnHigh boost/high EGRHigh boost/high EGR
nnCombustion modificationsCombustion modifications
nnFuel injection improvementsFuel injection improvements
nnVariable Valve Actuation (VVA)Variable Valve Actuation (VVA)
nnModelModel--based controlsbased controls
nnWaterWater--fuel emulsionsfuel emulsions

èèExhaust TreatmentExhaust Treatment
nnLean NOLean NOxx catalystcatalyst
nnCatalyzed Diesel Particulate Filter (cDPF)Catalyzed Diesel Particulate Filter (cDPF)



Lean NOx CatalystsLean NOx Catalysts

HC+CO+NOX+O2 HC H2O+CO2+N2+O2+
SUPPLEMENTAL

EXHAUST CATALYSIS PROCESS

IDEALIDEAL

SUBSTRATE + (Cu-ZSM-5)

AdvantagesAdvantages
nn Uses same onUses same on--board board 

reductantreductant
nn Good sulfur toleranceGood sulfur tolerance
nn Provides added Provides added 

margin for margin for 
calibration, if neededcalibration, if needed

DisadvantagesDisadvantages
nn Low cycle NOx conversion Low cycle NOx conversion 

(<30%)(<30%)
nn Narrow exhaust temperature Narrow exhaust temperature 

range of operationrange of operation
nn High fuel consumption High fuel consumption 

penalty (~10%)penalty (~10%)
nn DurabilityDurability



2007-2009: What’s Possible?2007-2009: What’s Possible?
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SummarySummary

uuFuture emission standards in the USA Future emission standards in the USA 
are very severe requiring a systems are very severe requiring a systems 
solutionsolution

uuLean NOLean NOxx adsorbers may not be adsorbers may not be 
sufficiently developed for 2007sufficiently developed for 2007--2009 2009 
timeframe and may not be necessarytimeframe and may not be necessary

uuInIn--cylinder controls should be sufficient cylinder controls should be sufficient 
for 1.18 g/hpfor 1.18 g/hp--hr NOhr NOxx in 2007in 2007
nnpossible need for additional NOpossible need for additional NOxx control via a control via a 

lean NOlean NOxx catalyst to provide a margincatalyst to provide a margin



Summary (cont.)Summary (cont.)

uuOffering an engine with minimal exhaust Offering an engine with minimal exhaust 
treatment and further improved intreatment and further improved in--
cylinder controls will:cylinder controls will:
nnReduce the costs of exhaust treatment portionReduce the costs of exhaust treatment portion
nn Improve the durability of exhaust treatmentImprove the durability of exhaust treatment
nnReduce the packaging volumeReduce the packaging volume
nnShow an engine manufacturer as a Show an engine manufacturer as a 

technological leadertechnological leader
nnProvide a product distinction in a crowded Provide a product distinction in a crowded 

marketmarket
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